09) 




(12) 



(43) Date of publication: 

27.1 1 .1 996 Bulletin 1 996/48 

(21) Application number: 96107790.6 

(22) Date of filing: 15.05.1996 



Europaisches Patentamt 
European Patent Office 
Off ice europ6en des brevets (11) EP 0 744 641 A2 

EUROPEAN PATENT APPLICATION 

(51) Int. CI. 6 : G02B 26/06 



(84) Designated Contracting States: 


(72) Inventor: Stanton, Stuart 


DE FR GB IT NL 


Bridgewater, NJ 08807 (US) 


(30) Priority: 24.05.1995 US 449005 


(74) Representative: Grunecker, Kinkeldey, 


(71) Applicant: SVG LITHOGRAPHY SYSTEMS, INC. 


Stockmair & Schwa nhdusser 


Anwaltssozietdt 


Wilton, Connecticut 06897-0877 (US) 


Maximilianstrasse 58 




80538 Munchen (DE) 



CNJ 
CD 



(54) An illumination system and method employing a deformable mirror and detractive optical 
elements 



(57) An illumination system for use in photolithogra- 
phy using a laser or radiation beam source. A deforma- 
ble mirror is used to shape the beam of laser radiation 
to obtain global uniformity. A profile sensing means is 
used to detect any global non-uniformities. The output 
of this sensing means is fed to a controller for calculat- 
ing a mirror contour and controlling actuators that shape 
the deformable mirror to obtain a globally uniform inten- 
sity. A diffractive or diffusive optical element, such as a 
microlens array, eliminates local non-uniformities. 



Movement of this element eliminates speckle caused by 
interference due to the coherent beam source. A uni- 
form intensity profile and appropriate angular spread is 
achieved with very little transmission loss and is auto- 
matically compensated for degraded or changing 
source performance. The illumination system is particu- 
larly applicable to a scanning photolithography process 
as used in the manufacture of semiconductor sub- 
strates. 
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Description 
Government Interest 

The United States Government may have certain s 
rights in the present invention pursuant to Contract No. 
F19628-90-C-002 awarded by the Department of 
Defense. 

Field of the Invention 10 

The present invention relates generally to an illumi- 
nation system and methods for adjusting illumination 
profile. In particular, the present invention relates to an 
illumination system and method employing a deforma- is 
ble mirror and diffusive or diffractive element(s) to adjust 
the illumination profile emanating from an illumination 
source. One suitable application for the invention is 
adjusting the illumination profile of a laser illumination 
system in step and scan photolithography. 20 

Background of the Invention 

Photolithography is commonly used for manufactur- 
ing semiconductors and flat panel displays. In photoli- 25 
thography, an illumination source transmits 
electromagnetic radiation through the openings in a ret- 
icle or mask. This defines an image which is projected 
on a substrate coated with photosensitive material. The 
illumination profile of a given illumination source is a 30 
map of the intensity of electromagnetic radiation imping- 
ing on a target, for example, the substrate, as a function 
of location thereon. To properly expose the substrate, 
the illumination profile should be relatively uniform. 

In the past, the feature size of integrated circuits 3s 
was relatively large and could be obtained with several 
choices of well behaved illumination sources. A number 
of suitable illumination sources could be used in the 
blue visible, ultraviolet (UV). and deep UV (e.g., 248 
nm) regions. 4C 

As the semiconductor industry reduced feature 
size, designers were forced to use illumination sources 
producing smaller wavelengths to avoid diffraction- 
based resolution limits. However, at the smaller wave- 
lengths, there are a limited number of suitable lamps a 
which can deliver sufficient energy. The alternate laser 
or radiation beam sources in these wavelengths tend to 
have a poor output profile or instability characteristics. 
These drawbacks are exacerbated by the generally 
poor performance of optical material in this wavelength 5 
region. 

Designers have sought to address these problems 
by adding complex optical systems between the illumi- 
nation source and the substrate. The optical systems 
used, however, to compensate for nonuniform illumina- 5 
tion prof iles have involved anamorphic designs resulting 
in ineff icient transmission and high manufacturing costs. 
An anamorphic optical system is one which has a differ- 
ent power or magnification in one principal meridian 



than in the other. See Smith, Modern Opt ical Enaineer- 
ing pages 270-273 (1990). U.S. Patent No. 4,61 9,508 to 
Shibuya st al. describes one such illumination system 
which io-Tis an incoherent light source from a coherent 
light beam. U.S. Patent No. 4,918,583 to Kudo et al. 
describes another illumination system having an inter- 
nal reflection type integrator in combination with a fly- 
eye type integrator and a plurality of lens elements. 

In general, the optical systems associated with con- 
ventional illumination systems use a large number of 
refractive optic lens elements. This results in potentially 
high absorption of the radiation and low output reaching 
the substrate. For lens or lens-like elements in a com- 
plex illuminator, the losses may vary laterally adding to 
the non-uniformity of the illumination profile. In addition, 
in the smaller wavelengths, such as in the deep UV 
region, there are a limited number of refractive materials 
that have acceptable transmission or have a long life 
without optical degradation. Further, high quality refrac- 
tive materials for x-ray optics are essentially nonexistent 
and many x-ray exposure tools must perform without 
refractive elements. 

In an attempt to reduce lithographic resolution, 
some designers have employed lasers having a wave- 
length at 193 or 248 nanometers for the illumination 
sources, or x-ray radiation sources projecting a beam- 
like pattern. Here also, there are disadvantages. For 
example, an illumination profile of an excimer laser is 
often not uniform. Further, the laser's intensity profile 
can change from thermal changes, gas aging, and dis- 
charge dynamics, among other variables. In many laser 
based illumination systems, the associated optics can 
degrade causing the illumination profile to change over 
time. Furthermore, the optical designs which attempt to 
provide improved uniformity on the reticle may compro- 
mise the desired angular illumination properties. 

Accordingly, attempts to provide optimum illumina- 
tion with high energy delivery to the substrate in the 
deep UV region or even smaller wavelength regions 
have had limited success. There is a need to solve the 
problems associated with existing illumination systems 
and take a new approach in the design of systems 
employing relatively coherent light sources such as 
lasers and/or substantially directional electromagnetic 
radiation sources at the smaller wavelengths. 

Fig. 1 A shows the distinction between the root fea- 
tures of many prior illumination concepts and the 
present concept. The prior concepts generally utilized a 
Kohler condenser lens approach to providing a uniform 
> field. In Fig 1A, a conventional fly's eye lens 100 and a 
condenser lens 101 is shown illuminating a reticle 30. 
The current concept will be shown to be advantageous 
in that it does not need such a lens or lens system. 

5 Summary of the Invention 

The present invention provides a stable uniform illu- 
mination profile for projecting an image onto a target 
substrate, reduces transmission losses, and thereby 
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increases the radiation reaching the substrate. The 
present invention eliminates the speckle or unwanted 
coherent patterns in the imagery of the mask, and com- 
pensates for fluctuation over time of the illumination pro- 
file. 

In one embodiment, the present invention provides 
an illumination system, including an electromagnetic 
radiation source, a deformable mirror spaced apart from 
the source, a plurality of actuators to change the con- 
tour of the mirror, a diffractive element prior to the reti- 
cle, a detector for detecting the profile emitted from the 
source and producing an output signal, and a controller 
receiving the output signal, calculating the desired con- 
tour, and controlling the actuators so that the deforma- 
ble mirror changes the illumination profile in a 
predetermined manner. 

In another embodiment, the present invention pro- 
vides a detector comprising a beamsplitter and a cam- 
era based profiler. The beamsplitter reflects part of the 
radiation emitted from the radiation source to the pro- 
filer. The profiler determines the global uniformity of the 
radiation emitted by the radiation source and produces 
an output signal to the controller. In response, the con- 
troller selectively activates actuators to deform the mir- 
ror in desired locations. Thus, the actuators adjust the 
deformable mirror to achieve a desired change in the 
illumination profile at the substrate. 

In-still another embodiment, the present invention 
provides a diffractive element, for example, a microlens 
array, which functions as a tailored diffusive element 
generating local uniformity, incoherent summing, angu- 
lar spread, and telecentricity. Acceptable telecentricity 
refers to acceptable image distortion due to small defo- 
cus. A very uniform, stable illumination profile can be 
thereby obtained with very low transmission losses. 

In another embodiment, the invention uses at least 
one diffusive or diffractive optical element and, prefera- 
bly, the diffusive element can be moved or oscillated in 
a single plane. 

Accordingly, it is an object of the present invention 
to provide a stable uniform illumination profile for pro- 
jecting the image of a reticle onto a semiconductor 
wafer. 

It is another object of the present invention to 
increase throughput and reduce transmission losses. 

It is an advantage of the present invention that inter- 
ference of coherent wavefronts is reduced, eliminating 
speckle. 

It is another advantage of the present invention that 
fluctuation over time of the laser source profile is com- 
pensated for. 

It is yet another advantage of the present invention 
that reduced cost and maintenance are achieved. 

It is a feature of the present invention that a deform- 
able mirror is used. 

It is another feature of the present invention that at 
least one diffractive optical element is used. 
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It is yet another feature of the present invention that 
the diffractive optical element is moved or oscillated in a 
single plane. 

These and other objects, advantages, and features 
will be readily apparent in view of the following detailed 
description. 

Brief Description of the Drawings 

Fig. 1 is a schematic representation of an embodi- 
ment of the system of the invention. 

Fig. 1A is a comparison to the Kohler condenser 
lens scheme in many prior illuminators. 

Fig. 1 B illustrates the use of a scanning detector for 
profile sensing. 

Fig. 1B' illustrates a rectangular field scanned by a 

slot. 

Fig. 1C shows profile division into segments. 

Fig. 1 C" shows re-assembly of segments to obtain 
a new profile. 

Fig. 1D illustrates profile segment lateral shifting 
without crossing. 

Fig. 1D' illustrates profile segment lateral shifting 
with crossing. 

Fig. 1 D" illustrates a water bucket analogy. 

Fig. 1 E shows the throw length. 

Fig. 1 E' shows the effect of reflection on the locally 
sloped mirror surface. 

Fig. 1F shows scanning of a reticle and wafer. 

Fig. 1 F shows the way a uniform profile is created. 

Fig. 2 is a plan view of a first embodiment of the 
deformable mirror illustrated in Fig. 1. 

Fig. 3 is a front elevational view of the deformable 
mirror illustrated in Fig. 2. 

Fig. 4 is a front elevational view of a second embod- 
iment of the deformable mirror illustrated in Fig. 1. 

Fig. 5 is a side elevational view of the second 
embodiment of the deformable mirror illustrated in Fig. 
4. 

Fig. 6 is a graph illustrating the illumination profile 
from a laser source. 

Fig. 7 is a graph illustrating the illumination intensity 
along the y-axis in Fig. 6. 

Fig. 8 is a graph illustrating the illumination intensity 
along the x-axis illustrated in Fig. 6. 

Fig. 9 is a graph illustrating an illumination profile of 
a laser source corrected by the present invention. 

Fig. 10 is a graph illustrating the illumination inten- 
sity along the y-axis of Fig. 9. 

Fig. 1 1 is a graph illustrating the illumination inten- 
sity along the x-axis of Fig. 9. 

Fig. 12 illustrates global, local, and microscopic uni- 
formity scales and profile convolving geometry. 

Fig. 13 shows one possible way to gyrate the dif- 
fractive element. 

Fig. 14 illustrates circular motion in a transverse 
plane caused by the gyration of the diffractive element. 

Fig. 1 5 illustrates the effect of the gyration of the dif- 
fractive element. 



EP 0 744 641 A2 



5 



10 



15 



20 



25 



30 



35 



40 



45 



50 



BNSDOCID: <EP 0744641 A2_l_> 



5 



EP 0 744 641 A2 



6 



Fig. 16 illustrates another embodiment of the 
present invention using a reflective diffractive element. 

Detailed Description of the Preferred Embodiments 

Fig. 1 is a diagram of a system of the present inven- 
tion. In one embodiment, the system includes an illumi- 
nation source 10 projecting electromagnetic radiation 
onto a deformable mirror 12. A profiler 16 detects the 
radiation reflecting off the mirror 12 and sends a signal 
indicative thereof to a controller 18. The controller 18 
sends corresponding signals to a plurality of actuators 
20 to change the contour of the mirror 12 to generate a 
desired illumination profile. The resulting radiation then 
proceeds through the openings of a mask 30, through 
projection optics 29 onto a target substrate 31 . 

The illumination source 10 can be any suitable sub- 
stantially directional radiation source. In one embodi- 
ment, the illumination source 10 projects a beam of 
substantially directional, short wavelength electromag- 
netic radiation. Favorable results have been achieved, 
for example, when using an excimer laser for the illumi- 
nation source 10. A suitable excimer laser operating at 
193 nm or 248 nm can be purchased from Cymer Laser 
Technologies of San Diego, California or from Lambda 
Physik Inc. of Acton. Massachusetts, such as Cymer 
Model No. ELS-4000 or Lambda Physik Model No. 
Utho. 

For purposes of illustrating the invention, the illumi- 
nation source 10 will be assumed to not have a uniform 
intensity profile. As shown in Fig. 1, radiation from the 
illumination source 10 is reflected off the deformable 
mirror 12. The mirror 12 may be made of zerodur or a 
common microscope slide substrate of roughly 1 mm 
thickness and polished flat to about 0.2 microns for the 
deep UV region. A suitable deep UV reflective coating 
may be obtained from Rocky Mountain Instruments, 
Longmont, Colorado. The mirror 12 has a deformable 
surface that can be used to change the illumination pro- 
file of radiation from the source 10. 

The system provides means for sensing the illumi- 
nation profile of the radiation emanating from the illumi- 
nation source 10. The sensing means can be placed 
anywhere in the optical path of the system as long as 
the illumination profile can be readily obtained. For 
example, a movable silicon photodiode detector 16A, as 
shown in Fig. 1B, can be placed in the plane of the sub- 
strate 31 and moved out of the way when substrate 31 
is to be exposed. Fig. 1B' illustrates a one-dimensional 
integral profile measurement, J(y). A detector 16A, illus- 
trated in Fig. 1B, lies behind a slot aperture 25 which 
scans across the rectangular field 27. Light is summed 
along the slot 25, producing an integral of the two 
dimensional profile. 

In the embodiment shown in Fig. 1, the sensing 
means comprises a beamsplitter 14 and a profiler 16. 
The beamsplitter 14 is in the optical path of the radiation 
reflected off the mirror 12. The beamsplitter 14 can be 
any suitable structure, including an optic grade mirror 



with a partially reflective coating or an optic grade 
beamsplitter cube. One suitable beamsplitter can be 
purchased from Rocky Mountain Instruments of Long- 
mont, Colorado. 
5 Preferably, a small portion of the reflected radiation 
from the source 1 0 is directed to the profiler 1 6. The pro- 
filer 16 acts as a camera to detect the spatial distribution 
of intensity or illumination profile of the radiation 
reflected from the mirror 12 and beamsplitter 14. 
w The output of the profiler 16 is sent to a controller 
18, for example, in an RS-170 video format, but many 
other formats are possible. In one preferred embodi- 
ment, the controller 18 includes a programmable com- 
puter. The controller 18, based on information from the 
15 profiler 16, calculates the surface contour of the mirror 
12 to achieve a desired illumination profile, for example, 
a uniform illumination profile. The controller 18 sends 
corresponding digital signals to the mirror actuators 20. 
A plurality of mirror actuators 20 are operably coupled to 
20 the mirror 12 and adjust the surface contour of the mir- 
ror 12 in accordance with the signals sent by controller 
18 to obtain the desired illumination profile at the target 
plane, for example, at the substrate 31 . 

The controller 18 can use any of a number of differ- 
25 errt calculation techniques or algorithms to calculate the 
desired surface contour of the mirror 12. Typically, the 
surface contour desired will result in a uniform intensity 
profile at the substrate; however, other illumination pro- 
files are obtainable. In another embodiment, the control- 
30 ler 1 8 uses trial -and-error and feedback to calculate the 
surface contour resulting in the best globally uniform 
radiation intensity. 

Whatever algorithm is used, it is highly desirable 
that any change in surface contour of the mirror 12 be 
35 minimized to only that necessary to obtain the desired 
result, for example, a uniform illumination profile. This 
eliminates unnecessary excess mirror strain and beam 
decollimation. 

One algorithm, applicable to the one-dimensional 
40 case to accomplish this goal, includes the step of divid- 
ing the illumination profile data into a number of equal 
area segments. Typically, several hundred segments 
will be used. The equal area segments will typically con- 
tain different quantities of energy. 
45 The target illumination profile, usually a constant 
rectangular function, is obtained by varying the width of 
a corresponding area segment of the target illumination 
profile as required by the radiation intensity needed over 
the segment. This is shown in Figs. 1C and 1C\ The 
so radiation energy or area under the profile curve of each 
corresponding segment is therefore constant, but the 
height and width of the curve segment will differ. 

The new set of varying width segments are stacked 
in the original sequence of division of the profile to 
55 obtain a new profile data set. This determines the seg- 
ment displacements (Sj) that should be created by the 
deformation of the mirror 12. In this way, the minimum 
lateral shifting of radiation from relative high profile 
points to relative low is obtained, and radiation is never 
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shifted in a way that results in the crossing of rays. The 
computed surface of the mirror is that which has local 
slopes according to the law of reflection, generating 
reflected ray angle changes which obtain the desired 
segment shifts. As a result, a minimum surface defor- 5 
mation of the mirror 12 is obtained for the desired glo- 
bally uniform illumination profile. This is minimum 
because segment shifts obtained this way require mini- 
mum mirror slope. See Figs. 1D, 1D' P 1E, and 1E\ 

The deformable mirror 12 has practical constraints 10 
on deformation due to the finite displacement range of 
the actuators 20 along with the material flexure limits of 
the mirror 12 itself. Flexure limits will arise from either 
breakage of mirror 12 or the resistance of the mirror 12 
to movement of the actuators 20. 15 

Preferably, the angular size of the deformation of 
the mirror 12 will have a negligible effect on downstream 
decolli mation of the radiation used in the exposure of 
the substrate 31. The beam projected to the diffractive 
element will remain substantially directional due to the 20 
small angular deviation applied to it. This is required if 
the telecentricity of the illumination of the reticle 
depends on collimation. Accordingly, it is important to 
find the minimum deformation of the surface of mirror 1 2 
which alters a given profile emanating from illumination 25 
source 10 to create a new illumination profile at the sub- 
strate 31-. 

A profile data set is divided into a large number of 
equal segments, not necessarily related to the number 
of actuators 20. The number of segments used is ulti- 30 
mately a matter of computational accuracy. However, at 
least several hundred segments should be used for typ- 
ical ±1%;uniformity goals. The data is numerically inte- 
grated in order to establish the amount of "energy" 
received in each segment, and the total energy over all 35 
the segments can be obtained as the sum. This total 
energy is ultimately conserved for any reasonable 
deformation in the sense that it is all delivered from the 
deformable mirror 12 to the target profile surface. 

Next, a "running integral" algorithm begins in the 40 
controller 18. This algorithm numerically integrates the 
target profile in an incremental way. If the target profile 
is uniform, this integral value is always the same, and is 
simply the total energy divided by the number of seg- 
ments. The numerical integral on the first segment is 45 
tested at every increment. If the integral passes the 
energy value in the first segment of the original profile, a 
decision is made as to which increment is closest. This 
becomes a segment break, and in turn the starting 
value for the next integral. See Figs. 1C and 1 C\ so 

This sequence continues until each source seg- 
ment of equal length is mated to a target segment of 
length required to match the energies or area under the 
curve represented by the data set. As such, the target 
segment becomes divided into unequal length seg- ss 
ments that ultimately stack up or connect sequentially to 
the proper target size. The stacking procedure inherent 
in the sequential process assures that energy is shifted 
the least possible distance. This is shown in Figs. 1D, 



1D\ and 1D", and explained by a "bucket brigade" anal- 
ogy. 

Ultimately, a "ray-shift" angle, shown as 6| on Fig. 
1E, is derived which represents the required lateral 
shift, Sj of segment centers occurring at a "throw" length 
L from the deformable mirror 12 to the substrate 31. 
Once the angle values are computed, the law of reflec- 
tion is used to define a surface slope set, and from this 
the computer algorithm integrates to find a surface dis- 
placement function, as illustrated in Fig. 1E\ The dis- 
placement function will usually be represented by a data 
set with larger entries than the actual number of actua- 
tors. Thus, the actuator control signals are determined 
as the limited set of displacements which will cause the 
"glass" of the mirror 12 to closely approximate the math- 
ematical surface. This is done by any standard extrapo- 
lation method wherein the actuators 20 are assigned 
the displacement values that best fit the representation. 

Using this type of algorithm, the deformation 
required for mirror 12 to optimize the illumination profile 
is minimized because the light is never shifted in a way 
that results in the crossing rays. This is analogous to a 
bucket brigade as shown in Fig. 1 D". If several buckets 
were filled with water to arbitrary heights and some new 
distribution of water were desired, an algorithm can be 
found to move the water, resulting in the content of any 
bucket being moved the least distance. Each bucket 
only gives or receives water from its nearest neighbors 
and yet ultimately a large amount of water can be 
moved. 

In one embodiment, after the mirror 1 2 makes more 
globally uniform the radiation from the illumination 
source 10, the intensity profile of the radiation is made 
more locally uniform due to convolution of the illumina- 
tion profile by the angular spreading nature of diffusive 
or diffractive optical element(s) as it propagates a short 
distance to the mask 30. For example, one suitable dif- 
fusive or diffractive optical element(s) is a microlens 
array 22 which can be moved as necessary to eliminate 
unwanted, microscopic coherent patterns. The micro- 
lens array 22 is driven by a quadrature drive 24 in a sin- 
gle plane along the two axes, preferably orthogonal to 
each other. 

The grid size and phase relief of the individual ele- 
ments of the diffractive element or microlens array 22 
will vary depending upon the application. However, the 
typical element will have individual unit elements in an 
array. The units are preferably as small as possible. In 
one embodiment, the individual lens elements of a lens 
array should be no larger than about 1/1000 times the 
size of the uniform field. 

The diffractive element or microlens array 22 is 
generally a phase-relief or optical path length modu- 
lated element with some repeating base unit. The lateral 
physical size of this base unit is called the unit size. If 
the unit is quasi-random or diffuse, then the unit size is 
the size of the largest lateral dimension over which dis- 
tinct local properties of the emitted light can be seen. 
Usually, the unit size will also be the characteristic size 
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of some repeating property of any unwanted coherent 
pattern or speckle. 

In another embodiment, a second microlens array 
26 can be located adjacent to the first microlens array 
22. This particular approach offers manufacturing ease J 
and affords design flexibility. The second microlens 
array 26 may be also advantageous in a system having 
a first microlens array 22 due to magnification of small 
motions. The two microlens arrays 22, 26, are prefera- 
bly separated by a distance between 100 and 500 times 
the focal length of an individual element of the microlens 
arrays 22, 26. The microlens arrays 22, 26 of this 
embodiment have been made of a repeating x-y grid of 
20 micron wide converging lens whose curvature 
approximates a desired pupil fill or an angular spread for 
use in a predetermined photolithographic optical sys- 
tem. A major advantage of this method is the ability to 
tailor this angular property by the design of the diffrac- 
tive element. Microlens arrays and other diffractive ele- 
ments of suitable nature may be purchased from 
Teledyne Brown Engineering, Huntsville, Alabama. 

Delimiters 28 are placed at or near the target plane 
or mask 30. The delimiters 28 help to prevent unwanted 
radiation from reaching the target plane, at the mask 30 
or substrate 31. The globally and locally uniform illumi- 
nation profile is projected through the reticle or mask 30 
to projection optics 29. Two suitable projection optics 
systems are described in U.S. Patent No. 4,953,960, 
entitled, Color Corrected Optica l Reduction System 
Usino One Material, and U.S. Application No. 
08/009,284, entitled, High Numer ical Aperture Catadi- 
optric Reduction Lens , the disclosures of which are 
hereby incorporated by reference. 

The projection optics 29 image the reticle or mask 
30 onto the substrate 31 . The mask 30 and substrate 31 
may be scanned in accurate conjugation along a scan 
axis, represented by arrows S a . as shown in Fig. 1 F. 
This makes possible the imaging of a reticle or mask 30 
onto a substrate 31 that is larger than the illumination or 
imaging field. It also favors a one-dimensiohal mirror 
deformation. 

Scanning microlithography exposure systems have 
the advantage that precise imaging can be obtained 
when the object is moving and the image-forming sur- 
face is moving in accurate conjugation. The projection 
optics 29 (i.e., lens) and the illumination source 10 are 
fixed. The projection optics 29 at any instant images 
only a section of the full reticle or mask 30 object, within 
a rectangular field stop referred to as the "slot". This 
"slot" must be appropriately illuminated and uniform in 
the non-scan direction. The illumination profile in the 
■ scan direction is noncritical as long as an adequate 
number of pulses are used during the scan across the 
slot width, because the illumination prof ile is essentially 
smeared into a uniform profile by the scan. Fig. 1 F illus- 
trates the uniform scan profile S p and the non-uniform 
slot profile S' p created by an illumination system 11. 

Fig. 2 illustrates a one-dimensional deformable mir- 
ror 12. The mirror 12 surface departs from some basis 



surface only along one cross-section. A one-dimen- 
sional deformable mirror 12 may be adequate for use in 
a scanning photolithography system. The deformable 
mirror 12 has a flexible or deformable mirrored surface 
? 32. Beneath the surface 32 are a plurality of actuators 
34. The actuators 34, in this example, are moved by 
threaded shafts or screws 36. Mounting threads 38, in 
either end of deformable mirror 12, are used to mount 
the deformable mirror 12 in the beam delivery or illumi- 
10 nation system chassis. 

Fig. 3 illustrates the relationship of the deformable 
mirror 12 and the actuators 34. Each of the actuators 34 
are bonded with an adhesive 40 to the surface 32. One 
suitable adhesive is 3M Part No. 2216 which can be pur- 
rs chased from the Minnesota Mining and Manufacturing 
Company, St. Paul. Minnesota. The actuators 34 
include a flexure cut 42 to define a virtual point of 
applied load and relieve lateral loading. Within each 
actuator 34 is a threaded hole 44. A threaded shaft 36 is 
20 screwed into each threaded hole 44. Support or guide 
46 has a plurality of bores 48 therein. Each bore 48 has 
a diameter slightly greater than the outside diameter 50 
of the corresponding threaded shaft 36. The center 
actuator 34 is held in a fixed position by a bolt 52. The 
25 shafts 36 are moved by drives 54. The drives 54 can 
either rotate the threaded shafts 36 or move up and 
down without rotation, thereby causing the actuators 34 
to move. 

As discussed earlier, the controller 18 selectively 
30 controls the drives 54 to achieve the lowest necessary 
amount of deformation needed to obtain the required 
globally uniform intensity prof ile. By using the throw dis- 
tance (i.e., optical propagation without imaging) from 
the deformable mirror 12 to the target plane or reticle 
35 30, illustrated in Fig. 1 , of about 1 meter, only about a 1 
radian local angular deformation of the flexible surface 
32 is typically needed. This is well within the acceptable 
range of motion of a thin reflective substrate of about 1 
millimeter thickness. Additionally, with the small angular 
40 deformation there is little decollimation. The decolla- 
tion is too slight to effect the desirable telecentric prop- 
erties of radiation emanating from the microlens arrays 
22 and 26, illustrated in Fig. 1 , and in turn yields accept- 
ably small distortion of images which are slightly defo- 
45 cused. 

Figs. 4 and 5 illustrate a second embodiment of the 
deformable mirror schematically illustrated in Fig. 1. 
The deformable mirror 12 of the second embodiment is 
similar to the first embodiment depicted in Fig. 3. How- 
50 ever, this second embodiment has two rows of piezoe- 
lectric transducer actuators 154 and wire flexures 156. 

In Fig. 4, the mirror 132 is attached to piezoelectric 
transducer actuators 154 by wire flexures 156 placed 
between supports 160. Suitable piezoelectric transduc- 
55 ers may be obtained from AVX Corporation, Conway, 
South Carolina. One suitable transducer is AVX Model 
No. C3.50010-C. The piezoelectric transducer actuators 
1 54 are attached to a base 1 58. The back of the mirror 
132, supports 160, actuators 154 and base 158 are 
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bonded together with an adhesive 140 such as 3M Co. 
Part No. 2216. The piezoelectric transducer actuators 
154 are only required to controllably move the reflective 
surface of the deformable mirror 132 less than 10 
microns from the undeformed state to obtain the desired 
global illumination uniformity. 

Fig. 5 illustrates two rows of piezoelectric trans- 
ducer actuator 154 assemblies used to deform the mir- 
ror surface 132. The placement of a row of piezoelectric 
transducer actuator 1 54 assemblies at each longitudinal 
edge of the mirror surface 132 helps eliminate 
unwanted torsional deformation of the mirror 132. The 
wire flexures support and strain the mirror in a desirable 
one-dimensional manner while relieving unwanted lat- 
eral strain. 

Fig. 6 illustrates the illumination profile of an uncor- 
rected excimer laser. The relative intensity of the radia- 
tion is represented by the shading in the graph of Fig. 6. 
The darker areas indicate greater radiation intensity. 

Fig. 7 illustrates the radiation intensity along the 
cross-section of the y-axis in Fig. 6. It can clearly be 
seen that the relative intensity varies considerably with 
respect to a change along the y-axis. This effect exists 
even over a central portion of the curve. 

Fig. 8 illustrates the intensity of radiation along the 
x-axis in Fig. 6. The illumination along the x-axis has 
been found to be relatively stable and predictable for an 
ArF excimer laser. Further, this axis, which is parallel to 
the scan.axis or direction of scan, when used in a scan- 
ning system is less critical in obtaining a uniform expo- 
sure. The y-axis, which is perpendicular to the scan axis 
or direction of scan, is more critical and has been found 
more susceptible to fluctuation. This fluctuation or laser 
deterioration over time is due to changes in the align- 
ment, optics quality, gas quality, discharge dynamics, 
and temperature, among other variables. 

Figs. 9-1 1 are similar to those found in Figs. 6-8. 
However, the graphs in Figs. 9-1 1 illustrate the illumina- 
tion intensity that results from the application of the 
present invention to the same laser source as illustrated 
in Figs. 6-8. The uniformity of the illumination intensity 
along the critical y-axis is greatly improved. This can be 
illustrated by the substantially flat central portion of the 
curve in Fig. 10. Therefore, a larger portion of the origi- 
nally poor profile of the illumination source is made 
available. 

Fig. 10 illustrates a flat central portion of the illumi- 
nation intensity curve that is very desirable in obtaining 
a uniform exposure during a scanning operation. In 
practice with a scanning exposure system, the profile 
sensor and/or signal processing should display the pro- 
file along y resulting from averaging over x. In so doing, 
the data is made to represent the averaging action of a 
scan, as shown in Fig. 1 B\ The flat central portion of the 
illumination intensity curve achieved with the present 
invention has been found to vary less than 1%. 

Three different spatial size categories apply to uni- 
formity definitions as global, local, or microscopic. "Glo- 
bal" refers to roughly the size of the illuminated field and 



a lateral extent larger than the extent of profile convolv- 
ing by the propagation action of the diffractive element. 
The mirror deformation essentially only acts on this def- 
inition of uniformity. The "ripple" or fine structure not 

5 fully corrected by deformation is a "local" nonuniformity 
that gets removed by the convolving effect. This leaves 
only "speckle" or unwanted "microscopic" interference 
patterns which are removed through the motion of the 
diffractive element during a many-pulse dose. These 

10 are all illustrated in Fig. 12. In Fig. 12, line G N repre- 
sents the "global" non-uniformity, line L N represents the 
"local" non-uniformity, and line M N represents the 
"microscopic" non- uniformity. Line l p represents the illu- 
mination profile. 

is Referring again to Fig. 1, the microlens array or 
array pair 22 act as an angularly tailored diffuser. The 
diffractive element(s) or microlens array pair 22 act by 
local mixing like a low band pass filter of the frequencies 
of the spatial pattern. This removes fine structure flaws 

20 in the profile as seen at the reticle or mask 30. Since the 
cut-off is a function of the distance to the plane of obser- 
vation, it can be thought of as a tunable filter. The aver- 
aging by convolution of the fine structure is a function of 
distance. 

25 It is preferred that microlens array 26 be physically 
close to the delimiter plane 28. For example, in one 
embodiment, the last or second microlens array 26 is 
approximately 10 millimeters from the delimiter plane 
28. However, in other embodiments, the microlens array 

30 26 position can vary considerably from this amount 
depending on the application. The distance is typically 
established such that several hundred array units 
project light angularly upon any uniform field point. 
When the projection optics 29 of the photolitho- 

35 graphic system has a pupil at infinity, the pupil fill, and 
hence angular behavior of radiation at the reticle, 
comes from the far-field (e.g., infinite distance) diffrac- 
tion pattern of the microlens arrays 22, 26. The far field 
pattern is characterized by divergence with negligible 

40 change in shape as the pattern propagates. Because of 
the very large number of lenses in the microlens arrays 
22, 26, all reticle points essentially see the same angu- 
lar distribution of secondary sources. Therefore, a con- 
denser is not needed to reimage secondary illumination 

45 source or microlens array 26 on the pupil, as is typical of 
a conventional "Kohler" illuminator design. 

When a coherent radiation source such as a laser 
source 10 is used, a stable interference pattern some- 
times called "speckle" occurs in the plane of reticle or 

so mask 30. This unwanted pattern is the near field diffrac- 
tion pattern of the diffusive or diffractive elements or 
microlens arrays 22, 26. The phase correlated contribu- 
tions at any point in the reticle plane 30 will create a 
highly visible fringe pattern in a static coordinate system 

55 associated with the microlens arrays 22, 26. This is an 
unwanted feature overlaying the desired circuit feature 
image. 

For pulsed beam sources, energy instability typi- 
cally requires the use of at least 30 pulses, resulting in 
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a summed dose. The pulse summing offers two ways to 
eliminate the unwanted interference pattern in the 
summed dose over time. The first is to move the diffu- 
sive or diffractive element to cause the interference pat- 
tern to move about one unit distance across itself two- 
dimensionally resulting in a sum dose absent of the 
interference pattern. A second is to shift the incident 
angle of the coherent wavefronts at the diffusive ele- 
ment 22 in a way that creates a changing linear phase 
shift iunction and thus the same pattern motion. This 
eliminates the unwanted pattern. Figs. 14 and 15 show 
the nature of this motion, with Fig. 15 illustrating the 
specWe pattern washout resulting from the motion. 

Coherent radiation sources, such as lasers display 
the problem of speckle, that is, unwanted images cre- 
ated by localized nonuniformity in the illumination 
source due to interference. For an excimer laser, 
speckle cannot be eliminated without moving elements 
unless a scheme is used to create efficient cross mixing 
of the incoherent zones of the beam as might be done 
with a condenser lens. The invention does not require a 
condenser lens to eliminate speckle, is thus simpler and 
involves less transmission loss. The diffractive element 
22 moves in quadrature along two orthogonal axes in a 
single plane (Fig. 12). This circulating motion of micro- 
lens array 22 avoids the possibility that a vector of the 
motion could lie in an accidental symmetry axis. 

The movement of the microlens array 22 by quadra- 
ture drive 24 is preferably caused by small motion, low 
inertia actuators acting in quadrature and driven pneu- 
matically by a remote motorized actuator system as 
shown in Fig. 13. In Fig. 13 a motor 210 drives a first 
wheel 214 and a second wheel 216 by a belt 212. The 
wheels 214 and 216 in turn drive pneumatic compres- 
sors 218 which feed pnumatic hoses 220. The pnumatic 
pressure and flow is controlled by attenuators 222. The 
pnumatic pressure and flow is used to drive two pneu- 
matic actuators 224 in quadrature. Each of the drives 
224 is attached to a frame 228 which holds the diffrac- 
tive element or microlens array 22. Itie frame is held by 
flexures 226 and supported by support 230. This elimi- 
nates unnecessary vibration. The resultant motion in 
the single plane may be random. The pneumatic actua- 
tors 224 coupled to the microlens array 22 are driven by 
a drive motor 210 some distance away. The movable 
microlens array 22 is compact and has very small iner- 
tial mass. Additionally, the stroke of the pneumatic actu- 
ators 224 can be easily changed by pressure drop 
methods without changing the frequency. Thus, speckle 
is eliminated with the smallest stroke possible. Gener- 
ally, the movement required in the diffractive or diffusive 
element or microlens array 22 is very small, usually 20 
microns or less. This small motion reduces the possibil- 
ity of introducing undesirable vibration in a photolitho- 
graphic system. 

The deformable mirror 1 2 is adjusted in accordance 
with changes in the illumination profile from the source 
10. The change in the illumination profile from the 
source 10 is not rapid and is relatively stable over a 



short period of time, i.e., the time needed to expose sev- 
eral wafers. Therefore, when used with an excimer laser 
the deformable mirror 12 need only be adjusted upon 
initial start-up of the source 10 or when the output of the 
source 10 has changed, as detected by the sensing 
means. The deformable mirror actuators 20, do not 
need to be respond that fast. Additionally, it has been 
determined that only approximately seven one-dimen- 
sional actuators 34, illustrated in Figs. 2-3, are needed 
[O to obtain the desired uniform illumination profile within 
±1% over the desired field. 

Fig. 16 illustrates another embodiment of the 
present invention. In Fig. 16 a reflective diffractive ele- 
ment 22' is used. The reflective diffractive element 22' 
75 reflects electromagnetic radiation received from 
deformable mirror 12 onto the reticle 30. The reflective 
diffractive element 22' is oriented in such a way so as to 
cause the illuminated reticle field to occur in reflection, 
including specular reflection, diffuse reflection, or any 
20 arbitrary angle of reflection attributed to the ability of the 
diffracting features to generate desired properties of 
radiation at specific angular locations on the incident 
side of the reflective diffractive element 22\ 

Accordingly, it should be readily appreciated that 
25 the present invention can provide a dramatic improve- 
ment in illumination profile uniformity. Additionally, the 
effects of speckle that result from the use of a coherent 
radiation source are eliminated. This is accomplished 
with a simple design that is inexpensive and has very 
30 low transmission losses. Suitable materials and coat- 
ings for short wavelength sources are used for a very 
small number of elements traversed by the beam. As a 
result, more uniform illumination profiles can be 
obtained from the same power illumination source than 
35 previously possibl e. 

The term diffractive element or diffractive optical 
element used throughout this disclosure is meant to 
mean any element whose effect on an incident electro- 
magnetic radiation field is dominated by the diffraction 
40 theory of radiation, and inadequately specified by ray- 
refractive or geometric models or analyses. The cate- 
gory includes substrates or elements of transmissive or 
reflective materials having amplitude and/or phase 
modulation or patterns which generate distinct ampli- 
45 tude, phase, and intensity patterns at specified fields or 
spacial positions. The current description emphasizes 
elements used in transmission, but reflective embodi- 
ments of the same nature are included, for example the 
embodiment illustrated in Rg. 16. Similarly, a diffusive 
so element is defined as any element whose effect on a 
substantially directional or beam-like radiation field is to 
reduce it's directional nature to some degree by gener- 
ating the effect of a large number of apparent secondary 
radiation sources. Such a diffusive element may be con- 
55 sidered a member of the category of diffractive ele- 
ments as defined herein. 

Although the preferred embodiment has been illus- 
trated and described, it will be obvious to those skilled in 
the art that various modifications may be made without 
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departing from the spirit and scope of this invention. 
While one preferred embodiment has been described 
with an excimer laser source, the illumination system 
may be applied to other illumination sources, and pref- 
erably, a substantially directional radiation source, with 
appropriate materials employed for the deformabie mir- 
ror coating and diffusive elements. 

Claims 

1. An illumination system for use in lithography, com- 
prising: 

a source of electromagnetic radiation; 
a deformabie mirror; 

actuator means, coupled to the deformabie 
mirror, for changing the surface contour of the 
deformabie mirror; profile sensing means for 
determining an intensity profile of radiation 
emitted from the source; 
controller means, associated with the profile 
sensing means and the actuator means, for 
calculating a surface contour for the deforma- 
bie mirror and controlling the actuator means; 
and 

a diffusive or diffractive optical element, 

whereby radiation from the source is 
reflected from the deformabie mirror and 
through the at least one diffusive element 
resulting in improved global and local radiation 
intensity uniformity. 

2. The illumination system of claim 1 , wherein the dif- 
fusive or diffractive element is a microlens array 
having individual lens elements of a size roughly 
1/1000 times the size of the desired uniform field. 

3. The illumination system of claim 1 , wherein the first 
diffusive or diffractive element is movable. 

4. The illumination system of claim 1 , wherein the first 
diffusive or diffractive element is movable in a single 
plane. 

5. The illumination system of claim 1 , wherein the first 
diffusive or diffractive element moves less than one 
unit size in a lateral plane during exposure. 

6. The illumination system of claim 2, further compris- 
ing a second microlens array placed adjacent the 
first microlens array. 

7. The illumination system of claim 6, wherein one of 
the first and second microlens arrays is movable. 

8. The illumination system of claim 1 , wherein the first 
microlens array is made of a plurality of lens. 



9. The illumination system of claim 8, wherein each of 
the plurality of lens is 20 or less microns wide. 

10. The illumination system of claim 1, wherein the 
5 deformabie mirror is deformabie primarily in one 

dimension. 

11. The illumination system of claim 1, further compris- 
ing a plurality of independent actuators attached to 

10 the deformabie mirror. 

12. The illumination system for use in photolithography 
as in claim 1 1 , wherein the number of the plurality 
of independent actuators is large enough to cause 

75 the surface to obtain contours that are neither flat 
nor spherical. 

13. The illumination system of claim 1, wherein the 
actuator means further comprises: 

20 

a first row of wire flexures attached along a first 
longitudinal edge of the deformabie mirror; 
a second row of wire flexures attached along a 
second longitudinal edge of the deformabie 
25 mirror; 

a first row of actuators attached to the first row 
of wire flexures; 

a second row of actuators attached to the sec- 
ond row of wire flexures; and 
30 the first and second rows of actuators 

attached to a base, and 

the first and second row of actuators are 
controlled by the controller means for deform- 
ing the deformabie mirror. 

35 

14. The illumination system of claim 13, wherein each 
actuator in the first and second rows of actuators 
has a range of motion of less than 1 0 microns. 

40 15. The illumination system of claim 14, wherein each 
actuator in the first and second rows of actuators is 
a piezoelectric transducer. 

16. The illumination system of daim 1, wherein the first 
45 diffusive or diffractive element or microlens array is 

placed sufficiently close to a target plane to obtain 
illumination within the near field diffraction pattern. 

17. An illumination system for use in photolithography, 
so comprising: 

a laser or radiation beam source; 
a deformabie mirror; 

actuator means, associated with the deforma- 
55 ble mirror, for changing the surface contour of 

the deformabie mirror; 

profile sensing means for determining an inten- 
sity profile of radiation emitted from the laser 
source; 
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controller means, associated with the profile 
sensing means and the actuator means, for 
calculating a surface contour for the deforma- 
ble mirror and controlling the actuator means; 
and 

a first microlens array, 

whereby radiation from the laser source 
is reflected from the deformable mirror and 
through the first microlens array resulting in 
improved global and local radiation intensity 
uniformity. 

18. A laser illumination system for use in photolithogra- 
phy having an object and image plane, comprising: 

a laser source; 

a deformable mirror; 

actuator means, associated with the deforma- 
ble mirror, for changing the surface contour of 
the deformable mirror, the actuator means 20 
capable of deforming the surface of the deform- 
able mirror at any one location; 
profile sensing means for determining an inten- 
sity profile of radiation emitted from the laser 
source; 

controller means, associated with the profiler 
sensing means and the actuator means, for 
calculating a surface contour for the deforma- 
ble mirror and controlling the actuator means; 
a first movable microlens array having a range 
of motion along two axes in a single plane of 
less than 20 microns; and 
a second microlens array positioned near the 
first microlens array, 

the second microlens array placed suffi- 
ciently close to a target plane to obtain illumina- 
tion within the near field diffraction pattern, 

whereby radiation from the laser source 
is reflected from the deformable mirror and 
through the first and second microlens arrays 
resulting in improved global and local radiation 
intensity uniformity 

19. An illumination system as in claim 1, 2, 6, 16, 17, or 
18, wherein said diffractive or diffusive element or 
microlens array has behavior dominated by diffrac- 
tion of radiation and is inadequately determined by 
ray or refractive models or analyses. 

20. An illumination system as in claim 19, wherein said 
diffractive or diffusive element or microlens array 
may include any substantially planar optical surface 
with phase relief or optical path modulation, with 
either stepwise or continuous character. 

21. An illumination system as in claim 1. wherein said 
diffractive or diffusive element is reflective, and 
whereby the radiation from the source of electro- 
magnetic radiation is reflected rather than transmit- 



ted through the diffractive or diffusive element 
resulting in improved global and local radiation 
intensity uniformity. 
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(57) An illumination system for use in photolithogra- 
phy using a laser or radiation beam source. A deforma- 
ble mirror is used to shape the beam of laser radiation 
to obtain global uniformity A profile sensing means is 
used to detect any global non-uniformities. The output 
of this sensing means is fed to a controller for calculat- 
ing a mirror contour and controlling actuators that shape 
the deformable mirror to obtain a globally uniform inten- 
sity. A diffractive or diffusive optical element, such as a 
microlens array eliminates local non -uniformities. 



Movement of this element eliminates speckle caused by 
interference due to the coherent beam source. A uni- 
form intensity profile and appropriate angular spread is 
achieved with very little transmission loss and is auto- 
matically compensated for degraded or changing 
source performance. The illumination system is particu- 
larly applicable to a scanning photolithography process 
as used in the manufacture of semiconductor sub- 
strates. 
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